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ABSTRACT OF DISSERTATION

PHOTOLUMINESCENCE MECHANISM AND APPLICATIONS OF GRAPHENE
QUANTUM DOTS
Graphene quantum dots (GQDs) are small pieces of graphene oxide whose physical
dimensions are so confined (a few to a few tens nm) that they have a finite bandgap due to
a quantum confinement effect. The finite bandgap of GQDs grants them pronounced
absorption bands and a substantial photoluminescence. These optical properties are rarely
observed in traditional carbon materials, since most of carbon materials are metallic with
a near-zero bandgap and thus have broad absorption spectra with no photoluminescence.
The unique optical properties of GQDs, along with GQDs’ inherited advantages from
carbon material family (cheap, abundant, non-toxic), make GQDs an attractive material for
various applications such as bio-imaging, photoinduced therapy, chemical and metal ion
sensors, and photovoltaic devices. Despite of their great potential, several great challenges
need to be overcome to enable wider applications. One challenge is the fact that GQDs
prepared by typical chemical methods possess significant inhomogeneity, so the precise
control of the dimension and surface functionalities is very difficult. Due to the
inhomogeneity of GQDs in terms of dimensions and surface functionalities, it is
challengeable to establish a precise structure-property relationship. As of today, it is still
under debate how surface functional groups of GQDs are responsible for the
photoluminescence mechanism, photophysics, and photochemistry. This dissertation is
mainly to provide a dedicated study about the photoluminescence mechanism and
structure-property relations of GQDs.
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Chapter 1: Introduction and Background
History of graphene
The concept of graphene was introduced in 1947 by Canadian physicist Philip
Russell Wallace for the first time.1 Wallace estimated the electrical conductivity of graphite
along different lattice directions by theoretical calculations. In the calculations, he found
that the electrical conductivity of graphite along the graphene plane was 100 times greater
than the conductivity across planes. Wallace’s focus was on the properties of graphite
rather than graphene. In his report, he did not use the term, “graphene”. Instead, he just
referred to it as “single hexagonal layer”. Little did Wallace know that his idea would
inspire a half-century seeking of the Nobel Prize winning material, graphene.
The earliest attempt to synthesize single-layered graphene was carried out in the
1960s. Karu and Beer used a chemical vapor deposition technique.2 In their procedure, a
nickel substrate was exposed to hydrocarbon precursor gas such as methane at a controlled
temperature. The growth rate of carbon on the substrate was found to dramatically decrease
along the vertical growth of carbon. It took one or two orders of magnitude longer exposure
time to grow a double-layered graphene film than a single layered graphene film. Thus, it
was straightforward to control the thickness of the grown graphene layer by altering
exposure time. Another technique used for the growth of carbon on substrate is carbon
atom segregation from carbon doped substrate to the surface while thermal annealing.3 The
number of segregated carbon to the surface can be controlled by the annealing temperature.
Although both chemical vapor deposition (CVD) and C-atom segregation techniques were
proved to be successful in growing single layer graphene, it was challenging to isolate the
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grown graphene layer from the catalytic substrate without breaking its structural integrity.
Thus, electronic properties of graphene adhered on the substrate was significantly disrupted
by the substrate.
The real isolated single layer graphene was made in 2004 by Andre Geim and
Konstantin Novoselov.4 The story of how the two Nobel winners made their breakthrough
was a fun one. Geim and Novoselov were holding a “Friday night experiments” party every
week during which they would meet and do various simple experiments just for fun. The
purpose of these experiments was to maintain their interest and curiosity towards science.
In one of these parties, Geim and Novoselov found that they can pull apart a piece of
graphite into two thinner pieces using a scotch tape. An intriguing idea hit them that if they
keep pulling apart the thinner pieces, eventually they would reach a point where they would
have pieces of single graphene layers. They put that idea into action and made it work.
Today, this primitive way of obtaining single layer graphene, so called a “scotch tape”
method, was publicly displayed in the Nobel prize museum in memory of this discovery.
Looking back to Geim and Novoselov’s “Friday night experiments”, it is inspiring to know
that raw enthusiasm and curiosity are still pushing science forward, even in such an
advanced world.
Hummers method
Although the scotch tape method is great in producing single layered graphene of
which chemical structure and electronic properties remains undamaged, the massive
production of graphene is unrealistic in this way. To produce a large amount of graphene,
a chemical method known as modified Hummers method was developed.5-8 The history of
Hummers method goes back as early as 1958, when it was created as a safe and efficient
2

way of producing graphite oxide.9 Briefly, the process involves the addition of graphite
into a solution of potassium permanganate and sulfuric acid. After the oxidation procedure,
oxygenated functional groups, such as hydroxyl groups and epoxide groups, was formed
on the surface of individual graphite layers. These functional groups are generally
hydrophilic and water molecule will be readily intercalated between the layers when
graphite oxide is dispersed in an aqueous solution. This method, combined with ultrasonic
treatments, will completely exfoliate graphite oxide to form a stable dispersion of single
layered graphene oxide. Then, graphene oxide is converted (partially) back to single
layered graphene by chemical reduction. This procedure is usually referred to as modified
Hummers method and it combines the original Hummers method, ultrasonic exfoliation,
and chemical reduction.10 It has been widely adopted as a cheap and efficient way of
producing large quantities of single layered graphene. However, graphene produced by the
modified Hummers method usually suffers from structural damage occurring during the
rigorous oxidation process. Defects formed on the graphene plane, although they often
bring unwanted effects on electronic properties, play an important role on physicochemical
and optical properties of graphene quantum dots, which will be discussed in later
paragraphs.
Graphene quantum dots
Graphene quantum dots (GQDs) are chemically similar to graphene oxide, but are
confined graphene pieces with the diameter of a few to 20 nm. Figure 1.1 is a TEM image
showing typical GQDs. The confined diameter grants them an unique optical properties, in
particular, photoluminescence, due to a quantum confinement effect.11-12 In the following
section, the concept of quantum confinement effect will be briefly described.
3

Figure 1.1:

A TEM image of GQDs.
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Bohr radius
Bohr radius could refer to two things. In a general context, Bohr radius is defined
as a mean distance between the photon and the electron in a hydrogen atom at its ground
state. Its value is 5.29 × 10-11 m. In this dissertation, Bohr radius refers to the size of
electron-hole pairs (called “excitons”) generated by photo-excitation, in other words, the
distance between an photo generated electron and its corresponding hole in light absorbing
nanoparticles. Bohr radius of a particle (aB) can be calculated using the following formula:

∗

Where

∗

is the mass of the particle,

is the rest mass of the electron,

is the Bohr

radius of the hydrogen atom, and is the dielectric constant of the material.
When the physical dimension of the particle is larger than the twice of its own Bohr
radius, an electron and hole pair, i.e., an exciton, can freely move without any boundary.
However, when the size of the particle approaches or becomes smaller than the twice of
Bohr radius of the particle, the exciton is confined in a space which is smaller than its free
roaming territory. Exciton then takes quantized energy levels to meet the physical boundary.
The phenomenon of such quantized energy levels being adopted in confined systems is
called quantum confinement effect.
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Quantum confinement effect
Classical mechanics, which treats electrons as particles, failed to explain the motion
of an electron around a nucleus. Scientists then realized we need to think of an electron not
only as a particle, but also as a wave. The wavelength () of an electron is defined as the
de Broglie wavelength, and is given by the following equation:

in which

is the plank’s constant and

is the momentum of the electron.

Now think of an electron travelling around a nucleus in a wave-like pattern (Figure
1.2). To be stable, the wave must repeat its own pattern from previous revolution, or in
other words, the wave patterns of every revolution must be in phase with each other (Figure
1.2a). If such a condition is not met, each revolution will cancel each other out and thus the
wave will not stand (Figure 1.2b). To satisfy this condition, it requires there to be an integer
number of complete wavelength to make up one whole revolution. Therefore, the
wavelength of the electron must take quantized values to satisfy the following equation:
1, 2, 3, …
in which

is the physical length of the space an electron is free to move. The energy of

the electron, which is proportional to the reciprocal of wavelength square, therefore also
must take quantized values:

∝

1
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1, 2, 3, …
in which

is a constant. From the above equations, we can see that the energy levels of an

electron must be

,

,

, etc., and they are separated by an energy difference

.

In bulk materials, such as metals or graphite, electrons in the material are free to
move anywhere within the materials’ physical dimension, and

in such cases are

enormous. Therefore, the energy levels in bulk materials are separated by only a tiny
amount of energy and they are essentially continuous. In nanostructured materials, such as
GQDs, however, the electrons of the materials are confined to a very small dimension ,
and energy levels separated by

become discrete and quantized, so quantum

confinement effect becomes important. Due to the quantum confinement effect, GQDs
have large bandgaps and therefore sharp absorbance peaks and photoluminescence.
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Figure 1.2:

An illustration of in phase (a) and out of phase (b) de Broglie waves of an
electron travelling around a nucleus.
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Chemical composition of GQDs
The chemical composition of GQDs resembles that of graphene oxide. Like
graphene oxide, GQDs are usually synthesized in an oxidative environment, so they are
mostly composed of the elements of carbon, oxygen, and hydrogen. Due to the sulfuric
acid and nitric acid typically used in the synthesis, it is not uncommon that GQDs contain
a small amount of sulfur and nitrogen. During the purification step of GQDs, massive load
of potassium hydroxide or sodium hydroxide are added to neutralize the acids. Ideally, the
potassium or sodium salt formed in the neutralization are supposed to be removed during
the dialysis step, but unavoidably there is a trace amount of metal ions left in the final
products.
The major heteroatoms besides hydrogen atoms in GQDs are oxygen atoms. The
significant presence of oxygen found in the GQDs comes from the various oxygen-related
functional groups including hydroxylic, carboxylic, epoxide, and carbonyl groups.
However, the exact quantity of each oxygen-related functional group is difficult to
determine. Because of the overlapping peaks of these functional groups in FT-IR and XPS
spectra, it’s very challenging to distinguish one from others using these two analytical
techniques. NMR and mass spectrometry are also powerful tools in determining chemical
structures of small organic molecules, but the interpretation of NMR and mass
spectroscopic results with graphene quantum dot is not straightforward due to its structural
complexity and high molecular weight. What makes things more difficult is the fact that
chemical composition of GQDs is dependent on the synthesis procedures, even a slight
change in synthesis condition could lead to significant difference in the products. Due to
the variety of synthetic conditions researchers used in different labs, there has been quite a
9

disagreement on the types of functional groups present on the carbon backbone of GQDs.
As of now, the presence of epoxide or carboxyl groups is still not accepted by all.
Optical properties of GQDs
The optical property of GQDs is unique, compared to other members in the carbon
material family. Unlike other carbon materials, GQDs have distinctive absorption peaks
and significant photoluminescence, due to their confined dimension as we discussed earlier.
The significant photoluminescence, along with the low cyto-toxicity make GQDs suitable
for bioimaging.13-14 However, GQDs typically emit green or blue colored photons, while
longer wavelength emissions such as red or near IR photons are more desirable for bioimaging applications because they have a longer penetration depth through biological
tissues. The emission wavelength of GQDs is dependent on the size and functional groups.
Generally, with an increasing conjugation length of the chromophore, or with increasing
degree of functionalization, GQDs show more red-shifted emission. Nevertheless, the
photoluminescence mechanism of GQDs is not fully understood and the precise tuning of
their photoluminescence has not been achieved.
Size effect:
Size effect is essentially quantum confinement effect. From our earlier discussion
on quantum confinement effect, we know that a smaller size of a GQD molecule leads to a
larger bandgap, which result in shorter wavelength photoluminescence. This argument
makes sense and is supported by experimental evidences. Fuyuno and coworkers separated
as-prepared GQDs into different size-distributed groups via liquid chromatography.15
According to their results, large-sized GQDs emit at longer wavelength than smaller sized
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GQDs. Figure 1.3 shows the photoluminescence spectra of GQDs fractionated with the
different retention time in a chromatography. In the graph, “fr 10” represents the fraction
of GQDs which has the longest retention time and smallest size, whereas fr 7 represents
the largest size. The emission spectra clearly show that GQDs with larger sizes exhibit
longer wavelength emissions.
Although the size effect on the emission of GQDs has been generally accepted in
the research community, some research group found evidences indicating that size is not
the only factor contributing to the emission properties. Tang and co-workers found sizeindependent emission of 3.2 nm, 10.7 nm, 21.0 nm GQDs.16 They attributed the dominating
factor in the emission of GQDs to be emissive traps induced by surface states of the
functional groups. Yeh and co-workers used theoretical calculation to estimate the
bandgaps of GQDs of various sizes, and compared that with experimental measurements.17
As can be seen in Figure 1.4, GQDs in the measurement show much larger bandgaps than
the predicted values by calculation, indicating GQDs to have a much smaller sp2
conjugation domain than their outer dimension. In particular, experimental results from our
study with single particle photoluminescence technique provided a strong evidence that
multi-chromophoric emission may occur from GQDs.18 In a summary, although size effect
on the emission of GQDs remains generally valid, one cannot precisely tune the emission
of GQDs by solely controlling their sizes, due to the complex nature in the emission of
GQDs.

11

Figure 1.3:

Typical normalized PL spectra of HPLC-GQDs excited with wavelengths of
280 (fr 10), 360 (fr 10), 480 (fr 7), and 560 nm (fr 4). The inset shows a
photograph of HPLC-GQDs excited by a D2 lamp (fr 10) and at wavelength
of 480 and 560 nm (fr 4) by a super-continuum laser light source,
corresponding to PC, PB, and PA, respectively. Reprinted with permission
from reference 15. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 1.4:

Variation of the π−π* energy gap with the particle size for GOQDs and for
oxidized GQDs. Reprinted with permission from reference 17. Copyright
2016 American Chemical Society.
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Effect of Defects
Another popular approach in explaining the photoluminescence properties of
GQDs is through their defect sites. As we discussed earlier, the typical preparation methods
of GQDs grant them a significant quantity of surface functional groups. These functional
groups serve as defect sites and can greatly alter the photoluminescence properties of
GQDs. Compared to the size effect, there has been much more debates and disagreements
in how functional groups affect optical properties of GQDs. The reason for the
inconsistency among research groups lies in the fact that it is practically very challenging
to precisely characterize the types and quantity of functional groups on GQDs. Since
research groups use different methods to prepare their own GQDs, they usually end up
studying GQDs of different structures. Li and coworkers electrochemically doped nitrogen
to oxygen-rich GQDs, and found 50 nm blue shift in emission compared to nitrogen-free
counterpart.19 Tetsuka and coworkers functionalize GQDs with primary amines, and tuned
the emission of GQDs from violet to yellow through the extent of functionalization.20 A
blue-shifted emission and the increase of a quantum yield are often observed with chemical
reduction of GQDs.21 Surface passivation by attaching long chain polymers on edge
oxygen functional group is also associated with the significant enhancement of emission
quantum yield. 22-23
This dissertation covers our investigation on the emission mechanism of GQDs
from different angles. In addition to thorough studies conducted with the ensemble samples
of GQDs, single molecule spectroscopic technique was also used to probe the
chromophoric nature (single-chromophoric vs. multi-chromophoric). The effects of surface
functional groups, pH, and metal ions on the spectral properties of GQDs were also studied.
14

Chapter 2: Chemically Reduced Graphene Quantum Dots
INTRODUCTION
A structure-property relationship needs to be established if we want to tailor the
optical property of graphene quantum dots (GQDs) to fit our needs. As we discussed in the
introduction chapter, the precise control of GQDs in terms of chemical structure and
composition is very difficult to achieve. However, chemical modifications of GQDs can
still be performed and the resultant changes can be tracked using an FT-IR spectroscopic
characterization. By probing the changes in optical properties of GQDs before and after
those kinds of chemical modifications, functional groups of GQDs can be correlated to
photoluminescence. One common chemical modification of GQD is chemical reduction.
The chemical reduction is usually carried out using sodium borohydride (NaBH4),
hydrazine (N2H4), or hydrothermal reduction.24-27 A reduction process converts carbonyl
groups and epoxy groups into hydroxyl groups. Although carboxyl groups are generally
believed to be not affected by this chemical reduction process, some research groups
claimed that carboxyl groups to be reduced to hydroxyl group.28 The validity of this
statement lies in the fact that GQDs are large conjugation systems and the reactivity of
functional groups on GQDs may be enhanced, compared to those found in small organic
molecules. In the discussion of this dissertation, we accept the premise that carboxyl on
GQDs are affected by reduction. In the following discussion, untreated GQDs are denoted
as oxidized GQDs, or ox-GQDs and reduced GQDs are denoted as r-GQDs, while GQDs
refers to either oxidized or reduced GQDs.

15

EXPERIMENTAL SECTION
Materials
Nanodiamonds were purchased from Nanostructured & Amorphous Materials Inc.
(average particle size of 6 nm, 98% purity). H2SO4 was purchased from Sigma-Aldrich
(ACS reagent grade). HNO3 was purchased from Fisher Scientific (certified ACS PLUS
grade). KOH and K2CO3 were purchased from BDH Chemicals (ACS reagent grade).
NaBH4 was purchased from Fluka (99% purity). All chemicals were used as received
without further purification. Dialysis bags were purchased from Spectrum Labs. Deionized
water was used throughout the experiment.
Synthesis of GQDs
GQDs were prepared by chemically oxidizing 100 mg of carbon nano-onions
(CNOs) in 50 mL acid mixture of HNO3 and H2SO4 (volume ratio = 1:2) at 95 °C. After
refluxing for 4 h, the reactant was cooled down to room temperature and neutralized to pH
7 by adding KOH and K2CO3. The neutralized solution was dialyzed by dialysis bag
(molecular weight cut-off (MWCO) = 500–1000) for 1 week with frequent changes of
water to remove salt ions.
Synthesis of reduced GQDs
Reduced GQDs were prepared by chemically reducing as-prepared GQDs. The
reduction proceeds as follows: 10 mL of 1 mg/mL GQDs aqueous solution was adjusted to
pH = 10 using Na2CO3/NaHCO3 buffer solution, and heated to 80 °C. 200 mg of NaBH4
powder was then added to the GQDs pH = 10 solution under magnetic stirring. The reaction
was kept at 80 °C with constant stirring for 1 h. The high temperature of the reaction
condition was aimed for a faster reaction rate and the alkaline condition was set to minimize
16

NaBH4 hydrolysis. After 1 h of reaction, the heating was stopped and pH of the system was
re-adjusted to pH = 7 using H2SO4. The product was then dialyzed for 1 week with constant
change of water to remove salt.
Characterization of GQDs
Optical characterization of GQDs were performed with fluorometer Horiba
Fluoromax-4 and UV-Vis spectrometer Thermo Scientific Evolution 201. Quartz cubic cell
of light-path 1 cm was used for both photoluminescence and UV-Vis measurements. GQDs
samples for both photoluminescence and UV-Vis measurements were in 0.01 mg/mL
aqueous solution form. FT-IR spectra of GQDs were obtained with Thermo Scientific
Nicolet iS50 FT-IR spectrometer. FT-IR samples were prepared by drop-casting and air
drying GQDs solution onto ATR sample plate.
RESULTS AND DISCUSSION
The ox-GQDs used for reduction was prepared by modified Hummers method in
which bulk graphitic material (carbon nano-onion) was cleaved into smaller ox-GQDs
pieces. In the reduction process, NaBH4 was added into ox-GQDs dispersed solution at pH
= 10 and kept at 80 °C for 1h. After reduction, reduced GQDs (r-GQDs) were further
dialyzed for purification and ready for characterization. Figure 2.1 shows
photoluminescence (PL) spectra of (a) ox-GQDs and (b) r-GQDs at varying excitation
wavelength. At the first glance of the spectra, it can be clearly seen that the
photoluminescence of the GQDs has been significantly shifted to the short wavelength
region. The most intense PL of ox-GQDs was centered at 526 nm, and the most intense PL
of r-GQDs was centered at 467 nm. Besides the change in PL wavelength, the overall
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intensity of PL was also significantly enhanced after reduction. A blue-shifted emission
with higher PL intensity after reduction was widely reported.
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Figure 2.1:

Photoluminescence of (a) oxidized and (b) reduced GQDs excited at various
wavelength from 250 nm to 600 nm.
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To explain the changes in PL spectra, we must understand two major origins of the
photoluminescence from GQDs. The first major cause is the emission from sp2 carbon
backbone. These sp2 conjugation domains of GQDs are small enough so that they have a
finite bandgap due to the quantum confinement effect.12 The wavelength of this type of
emission is determined by the size of the sp2 conjugation domains so that this emission is
often referred to as the size effect emission. In top-down synthesized GQDs, sp2 domain
sizes are heterogeneous, and excitation with a certain wavelength will selectively excite
sp2 domains with corresponding sizes. Thus, emission spectra of GQDs will be shifted as
a function of excitation wavelength. This is commonly known as excitation dependent
emission, and it’s a clear indication the sp2-hybrid carbon domains with different
conjugation lengths are the origin of the emission.
The other type of emission is caused by defects. This kind of defect may be any
structural disruption of the hexagonal aromatic rings, but usually in the form of functional
groups introduced during the synthetic step. The defect sites are usually localized, isolated
from other chromophores, such as the sp2 conjugation domains. Because of this, the defect
sites are referred to as “molecular states” by some groups, in a sense that they behave like
individual molecules rather than components of the quantum confined semiconductor
bands. 29-30 Therefore, emission from defects should only be dependent upon the structure
of the localized sites, rather than the size of GQDs. The defect emission is also more prone
to pH changes because of protonation or deprotonation of the functional groups. The
presence of two distinctive origins in the photoluminescence of GQDs was convinced by
the recent time-resolved photoluminescence lifetime measurement conducted by Wang and
coworkers.30 In this work, green emission of GQDs was found to be composed of two
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distinctive photoluminescence lifetime decays. The fast photoluminescence decay
resembled that of the precursor material, graphene oxide and was therefore assigned to be
sp2 conjugation emission. The emission with a slow decay rate was pH-dependent, and is
therefore related to functional groups.
We extracted information from Figure 2.1, and plot GQDs’ emission wavelength
and intensity against excitation wavelength, as shown in Figure 2.2. If we focus our
attention on the right side of the plot, where the excitation wavelength are 480 nm, 510 nm,
and 540 nm, we can find that emission of both ox-GQDs and r-GQDs are at precisely the
same position, and the intensities of these emissions are similar if not exactly the same
(slight differences could be due to concentration variation). We can safely say that
emissions in the long wavelength region of both GQDs stem from the same origin which
does not change upon chemical reduction. Since the functional groups are susceptible to
reduction, the logical explanation of the origin would be the sp2 carbon backbone. This
argument is also strongly supported by the fact that emission wavelength in this region is
highly dependent upon the excitation wavelength (size effect). The decreasing trend of
emission intensity from 480 nm excitation to 540 nm excitation may reflect that
photoexcitation may be hitting the right half of a normal size distribution curve of the
particles.
The left part of the plots (excitation range from 270–360nm) in Figure 2.2
represents the shorter wavelength region. And if we look at the emission wavelength of
GQDs in this region, we can hardly find any excitation dependence. This suggests that
these emissions may stem from an origin other than the sp2 domains, namely, functional
groups. The chemical reduction which converts functional groups to other species leads to
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the blue shift in emission and the significant enhancement of photoluminescence. In the
middle region of the plot (390–450 nm excitation wavelength), photoluminescence shows
the combination of defect effect and size effect, and therefore it is likely that both sp2
carbon backbone and functional groups may play a role in the emission.
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Figure 2.2:

Photoluminescence wavelength (square) and intensity (triangle) against
excitation wavelength of ox-GQDs (black) and r-GQDs (red).
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The photoluminescence excitation (PLE) spectra of GQDs in Figure 2.3 further
support our argument. We here plot the spectra along energy in eV instead of wavelength
to avoid the distortion in peak shapes and misrepresentation in integrated areas due to the
non-linear relation between growth of wavelength with respect to energy. In Figure 2.3 (b),
absorbance, excitation, and emission spectra of r-GQDs are plotted in the same graph. Do
notice the prefect matching of the absorbance peak with the major excitation peak at 4.4
eV, corresponding to 282 nm. This peak represents the transition of the functional group
responsible for r-GQDs emission. The minor excitation peak at 3.1 eV, corresponding to
394 nm, does not have a match in the absorbance spectrum. This is because this peak
represents the transition of the sp2 conjugation domain, and its absorbance is broad due to
size distribution of GQDs sp2 conjugation length. Excitation spectrum of ox-GQDs is
plotted in Figure 2.3 (a). Functional group transition of ox-GQDs (3.4 eV, 361 nm) is very
weak compared to sp2 domain transition (2.7 eV, 466 nm). This is consistent with our
observation in the PL spectra that r-GQDs are much brighter than ox-GQDs.
It is unclear whether sp2 carbon backbone and functional groups are interacting
each other through Förster resonance energy transfer (FRET). Since the two chromophores
are both confined to a GQD particles, which is smaller than 5 nm, they meet the distance
requirement for FRET to occur. In addition, stokes shifts (energy difference between
photons of excitation and emission) of GQDs photoluminescence are enormous. Take oxGQDs for example. A 270 nm excitation induces a 500 nm emission in ox-GQDs. This is
a stoke shift of nearly 2.1 eV, which is hard to justified for a single absorption and emission
process. Instead, we propose that a functional group absorbs 270 nm excitation, then
transfers the energy to a nearby sp2 carbon backbone whose absorption overlies with the
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functional group’s emission, and the sp2 carbon backbone emits 500 nm
photoluminescence. In this model, the large stokes shift could be explained by twice
absorption and emission process. However, we do not have experimental evidence to
support this hypothesis.
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Figure 2.3:

Excitation, emission, and absorption spectra of (a) oxidized GQDs and (b)
reduced GQDs.
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To find out which functional groups are responsible for the emissions of ox-GQDs
and r-GQDs, we compared FT-IR spectra of GQDs before and after reduction. The FT-IR
spectra of ox-GQDs and r-GQDs are shown in Figure 2.4. Compared to ox-GQDs, r-GQDs
showed the following changes in FT-IR spectra: decrease in 1713 cm-1 (stretching of
carbonyl group), decrease in 1601 cm-1 (asymmetric stretching of carboxylate salt),
decrease in 1400 cm-1 (symmetric stretching of carboxylate salt), decrease in 1252 cm-1 (CO stretching of ether group), increase in 3360 cm-1 (O-H stretching), and increase in 1042
cm-1 (C-OH stretching). All these changes suggest that various oxygen moieties are
converted to the ultimate reduction product, alcohol. It can be concluded that before
reduction, various oxygen moieties emit weak green photoluminescence; after reduction,
the newly generated hydroxyl groups emit stronger and blue-shifted PL. This conclusion
is supported by the fact that full width at half maximum (FWHM) (Figure 2.5) of the PL
from ox-GQDs is much wider (~ 160 cm-1) than that of r-GQDs (110 cm-1), indicating the
significant complexity in the origin of emission of ox-GQDs compared to the emission of
r-GQDs. Interestingly, FWHM of emission of the sp2 conjugation emission shows an
opposite trend, namely, r-GQDs show broader sp2 conjugation photoluminescence spectra.
This suggests r-GQDs to have a broader sp2 conjugation size distribution compared to oxGQDs. To be clear, the size of sp2 conjugation is not equivalent to the physical dimension
of GQD particles. 31-33
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FT-IR spectra of reduced and oxidized GQDs.
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FWHM of ox-GQDs and r-GQDs emission.

29

550

The change in conjugation size is possibly caused by reduction with NaBH4 not
only reducing various oxygen functional group to hydroxyl group, but may also restoring
broken conjugation by eliminating hydroxyl groups. As a result, the removal of defects by
chemical reduction may extend the physical dimension of sp2-carbon conjugation. In fact,
we believe the restored conjugation is the reason why we observed a weak but noticeable
emission at near-infrared range (shown in Figure 2.6) that was not present in the oxidized
form of GQDs. The structure illustration in Figure 2.7 summaries the changes chemical
structure of GQDs during reduction. Functional groups such as carboxyl groups and
carbonyl groups are converted to hydroxyl groups upon reduction. The removal of epoxide
groups bridges two small sp2 domains to form a large sp2 domain, and the large sp2 domain
gives out NIR emission. It should be noted that the scheme is just an illustration and not an
accurate description of the sizes of sp2 domains or the occurring frequencies of the
aforementioned events.
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Figure 2.6: Near infrared emission of r-GQDs (sharp spike is water Raman peak).
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Figure 2.7:

Structure illustration of ox-GQD and r-GQD.
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The blue-shifted photoluminescence of reduced GQDs is well documented in
literature. Explanation of this phenomenon is essential in understanding the fundamental
emission mechanism of GQDs. Most of the researchers attributed the predominance of blue
emission to the sp2 carbon cluster generated during the reduction.28, 34-37 The effect of
surface functional groups on the blue emission was largely neglected, and is even thought
to suppress emission by enabling non-radiative electron-hole recombination. However, this
theory has a limitation in explaining why the blue emission does not shift as much as the
green emission upon varying excitation wavelength.22, 28, 38-40 If it were sp2 clusters that
cause the blue emission, the emission wavelength should be dependent on the sp2 cluster
size, according to quantum confinement theory. And it would be logical to assume that sp2
clusters generated in the reduction process to have a size distribution, so that emissions
wavelength would have excitation wavelength-dependence, just like ox-GQDs. This is
obviously in disagreement with the fact that the blue emission in r-GQDs does not show
excitation dependence. In addition, research groups which employed various reduction
methods for different ox-GQDs almost always get blue emission, which is centered at 450
nm. There must be a comm1on origin to these blue emissions rather than random sp2
clusters generated in the reduction process. Therefore, assigning the blue emission to
hydroxyl group sites which do not have size dependence is a more plausible explanation.

CONCLUSIONS AND SUMMARY
In conclusion, we have reduced as prepared GQDs using NaBH4. The reduced form
of GQDs showed brighter, blue shifted emission compared to its oxidized predecessor. We
attribute the emission of GQDs to both functional groups and sp2-carbon conjugation. In
oxidized GQDs, emission in the longer wavelength excitation region stems from sp2
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conjugation, while in the shorter wavelength excitation region, emission is mainly
contributed by various functional groups. After reduction, the oxygen moieties are
converted to hydroxyl groups and showed much brighter emission. In the meantime,
restoring of conjugation creates new sp2 conjugation and lengthens existing conjugation,
leading to broadening of peaks and extending emission to near infrared region.
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Chapter 3: Effect of Solvent pH on Photoluminescence of Graphene
Quantum Dots
INTRODUCTION
Graphene quantum dots (GQDs) have attracted significant research interests in the
past few years.11,

41-42

Typically, as-produced GQDs are single or a few layered

nanographene sheets with the lateral dimension of a few to 20 nm.41,
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Due to the

confinement of sp2-carbon conjugation11 and an edge effect,44-45 this new class of carbon
nanomaterial strongly absorbs light and emit bright photoluminescence. It has been
reported that the spectral range and photoluminescence quantum yield of GQDs can be
considerably tuned by modifying their chemical structure. For example, the incorporation
of heteroatoms such as nitrogen atoms induced the blue shift of emission with a high
quantum yield (30.2 %).46 Interestingly, the nitrogen-incorporated GQDs showed
promising electrocatalytic performances for oxygen reduction reaction.47 Tunable
chemical structure and optical property, low chemical and cytotoxicity, and cost-effective
preparation of GQDs made these new materials suitable for the wide range of applications
including light-emitting-diode (LED) devices,16 bioimaging,13, 48 biosensing,49 and metalion sensing.50-51 Besides optical property-related applications, GQDs can be an attractive
choice for energy-related fields such as supercapacitors,52-53 photo- and electro-catalysis,5455

and photovoltaic devices,56 by taking advantage of interactions between high-surface-

area GQDs with rich functional groups and functional materials (e.g., metal oxides,
conducting polymers and other carbon materials).57
In spite of recent advances in the research of GQDs, there are unresolved issues
with the photoluminescence properties of GQDs which significantly hinder their
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applications. For instance, even after chemical reduction or surface passivation, the
photoluminescence quantum yield of GQDs remains relatively low (~20%), which is not
sufficient for optoelectronic applications.22, 41, 43, 58 Another limitation is the relatively
narrow spectral range of photoluminescence, typically either blue 19-20, 59 or green.13, 30 To
extend the emission of GQDs toward red and near-IR region is desirable for
bioimaging/sensing, photovoltaic, and photocatalytic applications.34, 42, 60 To this end, a
knowledge-driven rational design of GQDs with desirable chemical structure and surface
functionalities is required.
Until now, GQDs have been synthesized by a variety of methods with different
carbon precursors, so the structure and optical properties of GQDs may vary from case to
case. However, some common characteristics were observed. For instance, most GQDs
show excitation-wavelength-dependent photoluminescence.61 Another common finding is
that the photoluminescence spectrum of GQDs is greatly blue shifted after chemical
reduction, indicating the crucial role of chemical dopants and surface functional groups.36,
62

Also the photoluminescence intensity of GQDs was found to be sensitive to pH. Pan et

al. reported that photoluminescence of GQDs was intense at alkaline condition (pH = 13)
but significantly suppressed at acidic condition (pH = 1).38, 63 Zhu et al. reported that the
photoluminescence peak of GQDs was shifted from 550 nm to 450 nm as pH was tuned
from 0 to 14.28
In this chapter, we report an unusual behavior of GQDs, the switch of emission
color from green (533 nm) to red (630 nm) at high pH (pH  13). Although the origin of
this unusual behavior is not completely understood, this study may provide a new insight
on the structure-property relation of GQDs and may shed the light on the synthesis of red-
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emitting or white light emitting GQDs (by combining blue, green, and red emitting GQDs).
We concluded from the previous chapter that surface functional groups on GQDs play a
significant role in shaping their optical properties. Protonation and deprotonation of the
functional groups are controlled by solvent pH, which will change the charge and
orientation of the functional groups. Therefore, studying solvent pH effects on GQD
photoluminescence will help us to understand the relationship between surface functional
groups and sp2 domains of GQDs.

EXPERIMENTAL SECTION
Materials
Nanodiamonds were purchased from Nanostructured & Amorphous Materials Inc.
(average particle size of 6 nm, 98% purity). H2SO4 was purchased from Sigma-Aldrich
(ACS reagent grade). HNO3 was purchased from Fisher Scientific (certified ACS PLUS
grade). KOH and K2CO3 were purchased from BDH Chemicals (ACS reagent grade).
NaOH was purchased from EMD (ACS reagent grade). Deuterium oxide (D2O) was
purchased from Sigma-Alderich (99.9 % atomic deuterium). Sodium deuteroxide (NaOD)
was purchased form Sigma-Alderich (99.5 % atomic deuterium). All chemicals were used
as received without further purification. Dialysis bags were purchased from Spectrum Labs.
Deionized water was used throughout the experiment.

Chemical Synthesis of GQDs
GQDs were prepared by chemically oxidizing 100 mg of carbon nano-onions
(CNOs) in 50 mL acid mixture of HNO3 and H2SO4 (volume ratio = 1:2) at 95 °C. After
refluxing for 4 h, the reactant was cooled down to room temperature and neutralized to pH
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7 by adding KOH and K2CO3. The neutralized solution was dialyzed by dialysis bag
(MWCO = 500–1000) for 1 week with frequent changes of water to remove salt ions.

Morpological and Optical Characterizations of GQDs
Size and thickness distributions of GQDs were characterized by transmission
electron microscopy (TEM) and atomic force microscopy (AFM), respectively. TEM
measurements were conducted using JEM-2200FS with an in-column energy filter
operated at 200 kV. TEM samples were prepared by drop-casting GQD solution onto a
TEM grid (lacey carbon coated copper grid). AFM measurements were conducted on Part
XE-70 atomic force microscopy with a tapping mode. AFM samples were prepared by spin
casting GQD solution onto a mica substrate. UV-Vis absorption spectra were obtained
using

an

Evolution

201

UV-Vis

spectrophotometer

(Thermo

Scientific).

photoluminescence spectra were obtained using a FluoroMax-4 spectrofluorometer
(Horiba). All optical measurements were obtained with GQD solution, in quartz cuvette
with 1 cm path length.

FT-IR measurement of GQDs at neutral and alkaline pH conditions
FT-IR spectra were recorded with a Thermo Scientific Nicolet 6700 FT-IR
spectrometer with an ATR sample holder. To accurately probe structural information of
GQDs in different pH, in-situ solution-phase FT-IR measurements of GQDs was employed.
To avoid the interference of OH vibration from solvent water, deuterium oxide (D2O) was
used as a solvent. Neutral GQDs sample were prepared by dissolving GQDs in heavy water
in a concentration of 25 mg/mL. Such a concentration was proven to yield an optimized
S/N ratio in our FT-IR measurements. GQDs in alkaline pH was prepared by dissolving
GQDs in 0.1 M sodium deuteroxide (NaOD) solution. The concentration of GQDs in
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alkaline pH was also 25 mg/mL. The samples for FT-IR samples were drop-casted in a 1
µL droplet onto the diamond crystal of the Smart ATR sample holder. A spectral resolution
of 4 cm-1 and a scan number of 16 were adopted for the FT-IR spectra collection.
Background spectra of blank solvent were collected in the same manner and subtracted
from the sample spectra.

Cyclic Voltammetric Measurements of GQDs
GQDs were dissolved in deionized water (concentration of 25 mg/mL) with the
addition of 12.5 mg/mL of graphene nano plates (GNPs) and 12.5 mg/mL of nafion. The
dispersion was then sonicated for one hour. The working electrode for cyclic voltammetric
measurements was prepared by drop-casting 5 µL of the GQDs, GNPs, and nafion
dispersion onto a glassy carbon electrode and then dried in 50 °C oven for 1 hour. Cyclic
voltammetry measurements were conducted with CHI 660 electrochemical station in a
three electrode cell geometry, which consisted of a glassy carbon electrode on which active
materials were pasted on, a silver chloride (Ag/AgCl) reference electrode, and a graphite
rod counter electrode. 0.1 M sulfuric acid solution was used as electrolyte. Cyclic
voltammetric curves were recorded with the scan rate of 100 mV/s from 0 V to 1 V.
Background CV curves recorded by the same procedure with the absence of GQDs.

RESULTS AND DISCUSSION
GQDs were synthesized through a typical top-down method with carbon nanoonions (CNOs) as a source material. Briefly, CNOs were chemically broken into pieces in
refluxed mixed sulfuric acid and nitric acid. The synthesized GQDs were dialyzed in DI
water to remove sulfate and nitrate. To probe the size and thickness of the produced GQDs,
transmission electron microscopy (TEM) and atomic force microscopy (AFM) were
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employed (in Figure 3.1). As shown in the TEM image (Figure 3.1a), the synthesized
GQDs have a diameter distribution of 3–8 nm with an averaged diameter of 5.0 nm. AFM
image presented in Figure 3.1(b) shows that GQDs are isolated and well dispersed on a
mica substrate. As presented in the line profile of GQD thickness, the individual GQDs
have an average thickness of 1.63 nm, indicating that GQD particles are mostly 4–5
graphene layer thick. According to the TEM and AFM characterizations, the overall lateral
diameter and thickness of GQDs are consistent with previous reports.19, 64
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Figure 3.1:

(a) a TEM image of GQDs, (b) an AFM image of GQDs, and (c) an AFM
line profile of GQDs. The spectra show that the GQDs are on average 4.98
nm in diameter and 1.63 nm in thickness, indicating a plate shape.
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The UV-VIS absorption spectra of GQD at pH = 6 and pH = 13 are displayed in
Figure 3.2. GQDs are well dispersed and have a brownish color at neutral pH as shown in
the inset of Figure 3.2. Interestingly, the brownish color of the GQD dispersed solution
becomes darker, immediately after potassium hydroxide (KOH) was added into the neutral
solution (pH changed from 6 to 13). The darkening of the solution at pH = 13 is consistent
with UV-VIS absorbance spectra as shown in Figure 3.2. The UV-VIS spectra of GQDs
before and after the addition of KOH clearly indicate that a new absorption band appears
at 550 nm at high pH.
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Figure 3.2:

UV-Vis absorption spectra of GQDs aqueous solution at pH = 6 and pH = 13;
the inset is a camera shot of GQDs aqueous solution at pH = 6 (left) and pH
= 13 (right) under room light. The spectra demonstrate that at alkaline pH
condition, there is a shift in absorbance band from 350 nm to 550 nm.
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It is worth noting that a similar phenomenon was previously reported by Rourke et
al.65 In the work by Rourke et al., a high concentration of NaOH (0.01 M–1 M) was added
to the solution of graphene oxide in water. After the addition of NaOH, the graphene oxide
dispersion became darker after a while. Upon the gradual addition of NaOH, graphene
oxides became aggregated into black and the solution was separated into two phases. The
authors concluded that the observed darkening and phase separation are due to the fact that
small carbon debris originally strongly adheres to the surface of graphene oxide, but
becomes “washed off” upon the addition of strong base. After the detachment of small
oxidation debris, graphene oxide became more hydrophobic and got aggregated through ππ stacking. They also concluded that the oxidation debris was responsible for the emission
of graphene oxide.66
Despite of the similarity between our present work and the report by Rourke et al.,
our observation is different from theirs. First, Rourke et al. observed a rather slow and
gradual color change after the addition of base. In contrast, the color change we observed
was almost instantaneous upon the addition of base and the solution color was not further
darkened beyond that point. Secondly, while the irreversible change was observed in
Rourke’s report, our changes are reversible. Third, we did not observe aggregations and
phase separations, even if we left the solution at high pH for overnight. All of these findings
suggest that the observed optical switching of GQDs in response to the pH change
originates from a fast and reversible process.
The newly formed absorption band centered at 550 nm (Figure 3.2) is responsible
for the red emission of GQDs at high pH. Figure 3.3(a) shows excitation-dependent
emission spectra of GQDs at neutral pH. Excitation wavelength was scanned from 250 nm
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to 600nm. At neutral pH, GQDs showed green emission (maximum em = 500 nm at ex =
360nm). This green emission is commonly reported in previous literature.28, 30 As clearly
shown in Figure 3.3b, upon the addition of KOH into the GQD solution, almost
instantaneously, the green emission shifted to a red emission at 625 nm. The excitation
wavelength of this red emission was 540 nm. Together with the appearance of the red
emission, the original green emission was weakened, and shifted to blue (425 nm), as
shown in Figure 3.2 (b). More specifically, the green emission was split into blue and red
emissions at high pH. The inset of Figure 3.2 (b) shows the photographs of GQDs in water
under 365 nm UV lamp at neutral and alkaline conditions.

45

Figure 3.3:

Photoluminescence spectra of GQDs at (a) pH = 6 and (b) pH = 13. The
spectra demonstrate that GQDs at neutral pH exhibit mainly green emission
while at alkaline pH exhibit a combination of blue, green, and red emission.
The spectra at two different pH are plotted to the same photoluminescence
intensity scale, indicating that at alkaline condition, the green emission is
significantly suppressed while the red emission is enhanced. Demonstrated
at the upper right corners of each plot are photograph of GQDs aqueous
solution emitting at the excitation of 365 nm UV lamp.
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We confirmed that the observed photoluminescence shift of GQDs is induced by
high pH rather than the concentrated potassium ions (K+). We prepared GQDs solutions in
two different conditions: (a) 0.1 M KOH, pH = 13; (b) 0.01 M KOH + 0.09 M KCl, pH =
12. Group (a) and (b) shared the same K+ concentration, however group (a) had a higher
pH value. photoluminescence spectra of the GQDs in the two different conditions
demonstrate that only GQDs in group (a) exhibit red shifted emission (Figure 3.4). This
proves that the red emission at high pH is only induced by hydroxide ions (OH-) but not
alkaline metal ions. We also found that the red emission only occurs at extremely high pH
values. We tested the GQDs’ pH responses at pH = 11, 12, and 13. The results are shown
in Figure 3.5. According to the results, the red emission is observed only at extremely high
pH (equal to or greater than 13). We also observed reversibility of the emission switching
from red back to green when the alkaline solution was neutralized. We conducted an
experiment in which GQDs was initially in pH = 6 condition, and when we tuned the pH
to 13, a photoluminescence shift from green to red emission was observed. Then we
neutralized the alkaline solution to tune the pH back to 6, and we observed that the red
emission was shifted back to green emission (Figure 3.6). More interestingly, the red
emission of GQDs in high pH condition is strongly susceptible to photobleaching in the
presence of oxygen. We did two parallel experiments in which one group of GQDs in high
pH solution was purged with oxygen before exposed to white light, and the control group
purged with nitrogen and exposed to the same intensity of white light. The results in Figure
3.7 show that GQDs undergo severe photobleaching process in the presence of oxygen,
while the photobleaching is limited in the absence of oxygen.
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Figure 3.4:

Excitation dependent photoluminescence spectra GQDs aqueous solution at
(a) 0.1 M KOH, pH = 13, and (b) 0.01 M KOH + 0.09 M KCl, pH = 12.
Although (a) and (b) have same concentration of K+, only (a) with higher pH
demonstrates red emission, which proves that the red emission is induced by
high pH condition rather than high concentration of alkaline metal ions.

Figure 3.5:

Excitation dependent photoluminescence spectra of GQDs aqueous solution
at (a) pH = 11, (b) pH = 12, and (c) pH = 13. The red emission is not induced
by pH lower than 13.
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Figure 3.6:

Excitation dependent photoluminescence spectra GQDs aqueous solution at
(a) pH = 6, (b) pH = 13, and (c) pH back to 6 by neutralization of the alkaline
solution. Three graphs were plotted in the same FL intensity scale.

Figure 3.7:

Photobleaching of GQDs in (a) oxygen atmosphere, and (b) nitrogen
atmosphere. The red emission is photobleached more in the presence of
oxygen.
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To track the origin of red emission of GQDs in high pH condition, we carried out
in-situ FT-IR characterizations of GQDs in both neutral and alkaline conditions.
Commonly, FT-IR measurements of carbon nano-materials were carried out with
anhydrous samples to avoid the interference from solvent. In this study, however, the
anhydrous form of GQDs would not be suitable for FT-IR characterization because the
drying process of GQDs in alkaline solution will push GQDs to even higher pH condition
by concentrating the alkaline medium, thus the measured FT-IR spectra of anhydrous
GQDs will not accurately represent the in-situ structure of GQDs in aqueous solution.
Therefore, we conducted liquid-phase FT-IR measurements of GQDs in order to obtain the
most accurate information. To deal with the interference from solvents (in particular OH
vibration of water), we used deuterium oxide (D2O) instead of water (H2O) to avoid the
interference of O-H stretching vibration (3400 cm-1). For the same reason, sodium
deuteroxide (NaOD) was used instead of sodium hydroxide (NaOH) as the alkaline
medium. In-situ FT-IR analyses of GQDs were carried out with both neutral and alkaline
conditions. Background contribution from solvent D2O was subtracted. As shown in Figure
3.8, the FT-IR spectra demonstrate that GQDs at strong alkaline condition exhibit the
suppression of C = O absorption peak (at 1710 cm-1) as well as the enhancement of O-H
absorption peak (3390 cm-1). This implies that C = O groups in GQDs are converted to COH. It may be surprising to see OH vibration (at 3400cm-1) in the solution of D2O and
NaOD. But the OH vibration is likely to come from the H+ release by the deprotonation of
GQD.
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Figure 3.8:

FT-IR spectra of GQD in neutral (black) and alkaline (red) condition, both in
deuterium environment. The peak intensity is normalized by the aromatic C
= C vibration peak (1600 cm-1). The spectra clearly demonstrate a
suppression of C = O (1710 cm-1) vibration and an enhancement of O-H
vibration (3390 cm-1) of GQDs at alkaline condition, which is a suggestion
of structural transformation from C = O to C-O-H.
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Based on the results of in-situ FT-IR analyses, we attribute the red emission of
GQDs at high pH to the structural change of GQDs induced by strong alkaline condition.
Such structural changes are commonly seen in pH indicators. For example, at strong
alkaline condition, phenolphthalein is transformed from quinone structure to hydroquinone
structure, with an addition of a hydroxyl group (Figure 3.9). We surmise that similar
transformation occurs in GQDs at strong alkaline condition, which is consistent with our
FT-IR results which demonstrate enhancement of hydroxyl group vibration peak. More
detailed study of structural changes associated with the red emission is under investigation.
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Figure 3.9:

Phenolphthalein structural transformation at strongly alkaline condition.
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To confirm the presence of quinoid structure in GQDs, electrochemical
characterization was conducted. Cyclic voltammetric (CV) curves were recorded in acidic
electrolyte (0.1 M sulfuric acid). Graphene nano plates (GNPs) were employed to increase
the conductivity of GQD-based electrode. GQDs were mixed with GNPs and nafion (as a
binder) to prepare electrode. The scan rate of CVs was 100 mV/s. Figure 3.10 presents the
CVs of GQD-GNP (a) and GNP (b). The CV of GQD-GNP clearly shows redox peaks at
0.3 V, which is characteristic for quinone-hydroquinone peaks in acidic electrolyte67, while
the CV of GNP was featureless. This confirms the presence of quinone structures on GQD.
It is noteworthy that the background current intensity of GQD-GNP (Figure 3.10a) is much
lower than that of GNP only (Figure 3.10b), which is surprising because high surface area
GQDs are expected to enhance the capacitance of the electrode. This unexpected behavior
may stem from two possible reasons. First, GQDs may induce compact packing of GNPs
due to their amphiphilic properties68, which will lead to lower capacitance. The second
possibility is that the highly soluble GQDs in aqueous solution lead to mechanical
detachment of GNPs from a current collector.
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Figure 3.10:

Cyclic voltammetry scans of (a) GQDs, and (b) background. Both scans are
run in 0.1 M H2SO4 with 0.1 V/s scan rate, with Ag/AgCl as reference
electrode. GQDs demonstrate characteristic quinone-hydroquinone redox
peaks at around 0.3 V.
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A similar observation of red-emitting GQDs at high pH was recently reported by
Fan et al.69 The authors ascribed the red emission of GQDs at high pH conditions to a
structural change from lactone structure to quinone, which is opposite to our observation.
Fan et al. reported the suppression of hydroxyl group (O-H) vibration in FT-IR spectrum
of GQDs. Furthermore, the red-emission was photostable in their study. In a striking
contrast, we observed that OH vibration was enhanced and C = O vibration was suppressed,
and the red-emission was photobleached. The origin for the differences should be resolved
by further studies. the FT-IR results by Fan et al obtained with dry GQD samples may not
adequately represent the pH condition.

CONCLUSIONS AND SUMMARY
We report an unusual pH-sensitive optical switching of GQDs in which a red
emission occurs at extremely high pH condition. The observed emission switching from
green to red is reversible upon neutralization of the alkaline medium. Moreover, the redemitting GQDs are involved in photochemical process. To track the origin of red-emitting
GQDs at high pH, in-situ FT-IR and electrochemical measurements were employed.
Although the origin of the red emission and the associated photochemical process is not
entirely clarified, these results can give insights on the emission mechanism of GQDs and
may inspire new approaches to extend absorption/emission of GQDs to longer wavelengths
which is critical for bioimaging, light-emitting-diode, and photovoltaic applications.
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Chapter 4: Graphene Quantum Dots as a Heavy Metal Ion Sensor
INTRODUCTION
We found that photoluminescence of graphene quantum dots (GQDs) is very
sensitive to the presence of heavy metal ions. With even trace amount of heavy metal in
GQD solution, the intensity of photoluminescence was reduced dramatically. This property
makes GQDs suitable for the application of metal ion sensing.
In this chapter, we compared metal sensing capabilities of two types of GQDs. The
two types of GQDs emit different colors and have different sensitivity and selectivity in
metal sensing. Both GQDs were synthesized by the same synthesis procedure. After
synthesis, the as-produced GQDs were separated into two parts by dialysis (MWCO =
3500). The portion of GQDs retained in the dialysis bag emitted blue photoluminescence
(GQD-B, em = 450 nm with ex = 330 nm.) while the other portion of GQDs collected
outside of dialysis bag showed UV emission (GQD-UV, em = 350 nm with ex = 285 nm).
The morphology and chemical state of GQD-B and GQD-UV were characterized by
transmission electron microscopy (TEM), atomic force microscopy (AFM), and X-ray
photoelectron spectroscopic (XPS) analyses. These characterizations clearly showed that
GQD-B and GQD-UV have different morphologies and chemical structures. UV-emitting
GQDs have been rarely reported

16, 58

, especially by top-down methods starting from

graphitic carbon precursors, in great contrast to the common reporting of blue or green
emitting GQDs.
We compared heavy metal ion sensing of GQD-B and GQD-UV. They showed
very different sensing behaviors in terms of sensitivity and selectivity. In particular, GQDB showed an excellent sensitivity for the detection of Cu2+ while GQD-UV emission was
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sensitive to Fe3+. To understand the sensing performances of GQD-B and GQD-UV, two
factors may need to be considered: (i) the difference in binding affinity of GQD-B and
GQD-UV with metal ions due to distinctive structure and surface functionality, (ii) the
difference in energy levels of GQD-B and GQD-UV to permit charge-transfer of
photoexcited electrons from GQD to the bound metal ion. Our results imply that the control
of binding sites and energetics of GQDs is important to develop GQDs as versatile
platforms for sensitive detection of metal ions and biomolecules. This report presents
several novel aspects in the research of graphene quantum dots: (i) a new approach to
synthesize ultraviolet- and blue- emitting GQDs, (ii) the synthesis of spectrally pure blueemitting GQDs which was previously hard to achieve, and (iii) the comparison study of
UV- and blue- emitting GQDs for heavy metal ion sensing.

EXPERIMENTAL SECTION
Materials
Carbon nano-onions (CNOs) were prepared by thermal annealing of commercially
available nanodiamond powders (Nanostructured and Amorphous Materials, Inc., Houston,
TX) at 1650 °C for 1h under the flow of Helium in a graphitization furnace. HNO3 and
KOH were purchased from Sigma-Aldrich. All chemicals were used as received without
further purification. Dialysis bags were purchased from Spectrum Labs. Deionized water
was used throughout the experiment.

Synthesis of GQDs
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GQDs were prepared by chemically oxidizing 100 mg of carbon nano-onions
(CNOs) in 50 mL of HNO3 (5 M) at 95 °C, after refluxing for 4h, the solution was cooled
down to room temperature and a brownish supernatant was neutralized with KOH. After
removing an excessive amount of KNO3 precipitation formed during the neutralization, the
solution was dialyzed to remove ions (dialysis with MWCO = 500–1000) for 3 days with
constant change of dialysis buffer water. Afterwards, the resultant solution was dialyzed
again in another dialysis bag (MWCO = 3500) for 1 hour. We found that this process
efficiently separate GQDs into two parts. The solution outside of the dialysis bag (MWCO
= 3500) exclusively exhibited UV emission and was named GQD-UV. On the other hand,
what’s left inside the dialysis bag showed spectrally pure blue emission and was named
GQD-B.

TEM, AFM, XPS, and optical characterizations:
TEM measurements were conducted on a JEM-2200FS analytical TEM with 200
kV electron acceleration voltage. TEM samples were prepared by placing several drops of
GQD solution on a TEM substrate and drying it. Substrates used for the TEM
characterization were copper grids coated with lacey carbon. AFM measurements were
conducted on Park XE-70 atomic force microscopy with tapping mode. AFM samples were
prepared by spin-casting GQDs onto mica substrate. XPS measurements were conducted
on K-Alphas XPS instrument from Thermo Scientific with 72W Al Kα radiation. XPS
samples were prepared by drop casting GQD water solutions onto silicon substrate. UVVis spectra were obtained using Thermo Scientific Evolution 201 UV-Vis
spectrophotometer. Photoluminescence (PL) and photoluminescence excitation (PLE)
spectra were obtained using Horiba Scientific FluoroMax-4 spectrofluorometer. All optical
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measurements were obtained with GQDs dispersed in water which were contained in 1-cm
quartz cuvettes.

RESULTS AND DISCUSSION
A scheme for the synthesis of GQDs and their separation into GQD-B and GQDUV is shown in Figure 4.1a. In this procedure, a new precursor material, carbon nanoonion (CNO), was used for the synthesis of GQDs. A high resolution TEM image of CNOs
is shown in Figure 4.1b. As shown in the image, CNOs are spherical and have a uniform
size distribution (diameter of 5–8 nm).
The morphology and structure of the produced GQD-B and GQD-UV dots were
probed by TEM and AFM characterizations (see Figure 4.1c–h). As shown in the TEM
image (Figure 4.1c), GQD-B dots have the average diameter of 3.1 nm (±1.1 nm) and are
crystalline with a lattice distance of 0.2 nm, corresponding to (100) plane of graphite (the
Figure 4.1c inset). The AFM image (Figure 4.1d) shows nicely distributed individual GQDB dots. The AFM line-scan profile in Figure 4.1e indicates that GQD-B dots are mostly
single-layered (average thickness of about 0.4 nm). TEM and AFM characterizations were
also conducted for GQD-UV dots (Figure 4.1f–h). The results show that GQD-UV dots
have the similar size (4.6 nm ± 0.8nm) as GQD-B, but they are quite thicker (average
thickness of about 2.0 nm) than GQD-B. AFM results clearly indicate that GQD-UV dots
are mostly multi-layered while GQD-B dots are single-layered. Typically, both GQD-B
and GQD-UV dots are disk-shaped with a high aspect ratio (diameter: 3–5 nm, thickness
of 0.4–2 nm). The successful separation of GQD-UV out of a dialysis membrane seems to
be associated with different solvation shells of GQD-UV and GQD-B. When dispersed in
a polar solvent like water, individual GQD dots are surrounded by solvation shell,
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increasing their effective size for penetration through a membrane. The solvation shell of
GQD-B is expected to be thicker than that of GQD-UV, due to static charges (negatively
charged oxygenated defects, in particular, COO- functional groups) present on the surface
of GQD-B. The higher content of oxygenated defects in GQD-B than in GQD-UV is
strongly supported by XPS results.

61

Figure 4.1:

(a) A scheme for the synthesis of GQD-B and GQD-UV. High resolution
TEM images of (b) N-CNOs, (c) blue-emitting GQDs, and (f) UV-emitting
GQDs. AFM images showing the distribution of (d) blue-emitting GQDs and
(g) UV-emitting GQDs. The line-scan profiles to show the thickness of (e)
blue-emitting GQDs and (h) UV-emitting GQDs.
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Figure 4.2 shows high resolution XPS C1s peaks of the two GQDs. GQD-UV is
mainly composed of sp2 bonded carbons with some oxygenated defects (C-O at 286.1 eV,
C = O at 287.6 eV). GQD-B, on the other hand, has a higher level of oxygenated chemical
defects than GQD-UV and contains COOH groups (288.9 eV). TEM, AFM and XPS data
indicate that GQD-B is larger and thinner than GQD-UV and contains a higher content of
oxygen than GQD-UV. We speculate that GQD-B dots are thin nanographene oxide sheets
generated from the outer layers of carbon nano-onions (CNOs) by chemical oxidation. In
contrast, GQD-UV dots were produced from the core of CNOs, so they would be less
oxidized than GQD-B dots.
FT-IR spectra of GQD-UV and GQD-B are presented in Figure 4.3. Both GQDUV and GQD-B revealed O-H stretching vibrations (3368 cm-1, 3437 cm-1), CH2 bending
vibrations (1332 cm-1, 1366 cm-1), and C = O vibrations (1631 cm-1, 1644 cm-1). But the
relative peak intensities of O-H and C = O vibrations are much higher for GQD-B than
those for GQD-UV. From this fact, we speculate that there are more –OH and –COOH
functional groups present in GQD-B, which is consistent with our XPS results.
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Figure 4.2:

XPS C1s spectra of (a) blue-emitting carbon nano particles and (b) UVemitting carbon nano particles.

Figure 4.3:

FT-IR spectra of GQD-B (red) and GQD-UV (black).
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Figure 4.4 shows the representative spectra of UV-VIS absorption, PL excitation,
and emission for GQD-B and GQD-UV dots dispersed in water. As shown in Figure 4.4a
and 4.4b, both GQDs showed strong absorbance in the range of deep UV (<250 nm), which
was previously ascribed to π-π* transition of aromatic C = C bonds.70-71 In the zoomed-in
UV-VIS spectra (Figure 4.4b), the absorbance of GQD-UV had a small shoulder around
280 nm, while GQD-B showed much stronger absorbance extended up to 450 nm,
indicating mid-gap states in GQD-B which lead to blue emission. This absorbance is
consistent with n- π* transition of C = O or C = OOH groups reported previously.71 Figure
4.4c and 4.4d show PL excitation and emission spectra of GQD-UV and GQD-B,
respectively. PL excitation spectra of GQD-UV and GQD-B show pronounced excitation
bands at 280 nm and 325 nm, respectively, which are consistent with the features of the
absorption spectra in Figure 4.4b. The emission peak was found at 350 nm for GQD-UV
and 450 nm for GQD-B. Figure 4.4a is a camera shot of GQD-UV and GQD-B solutions
excited by directed illumination of 330 nm UV light. While strong blue PL was observed
for GQD-B, GQD-UV was colorless since the absorbance of GQD-UV is weak at 330 nm
and its resultant emission is in the UV range. One commonly reported and important feature
of emitnt GQDs is their excitation-dependent emission property. Many previous studies
reported that emission of GQDs was red-shifted as excitation wavelength became longer.72
The origin of this behavior was mostly attributed to the inhomogeneity of GQDs in terms
of their size or degree of oxidation.73-74 We have recently studied single molecule
photoluminescence of GQDs and found that a single GQD might contain multiple
chromophores, which can be separately photo excited.18 Figure 4.5a and 4.5b show the
overlaid emission spectra of GQD-UV and GQD-B, respectively, under multiple excitation
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wavelengths. Excitation wavelength was scanned from 250 nm to 600 nm. GQD-UV
showed the maximum emission at 350 nm with 300 nm excitation. Interestingly, GQD-B
showed very uniform, nearly non-shifting emission spectra upon different excitation
wavelength. The emission of GQD-B was fixed at 450 nm under a wide range of excitation
wavelength (250 nm–400 nm), which is in contrast to most of previous studies.22, 38, 75 This
finding suggests a simple approach to synthesize spectrally pure GQDs.
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Figure 4.4:

(a) UV-VIS absorption spectra of blue and UV-emitting GQDs. Inset: camera
image of UV (left) and blue (right) emitting GQDs dispersed in water at 330
nm excitation. (b) Zoomed in UV-VIS spectra. PL Excitation and emission
spectra of (c) UV-emitting GQDs and (d) blue-emitting GQDs. GQDs were
dispersed in water for optical measurements.
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Figure 4.5:

Excitation dependent emission spectra of (a) UV-emitting GQDs and (b)
blue-emitting GQDs.
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Motivated by the fact that GQD-B and GQD-UV have different characteristics in
terms of structure, chemical functionality, and energy levels, their performance of sensing
heavy metal ions was systematically compared. Figure 4.6 presents how PL intensities of
GQD-B and GQD-UV are suppressed by the addition of two specific metal ions, Fe3+ and
Cu2+. Both Fe3+ and Cu2+ play many important roles in biological systems.76-77 As seen in
Figure 4.6a and 4b, GQD-B PL intensity was gradually suppressed as the concentration of
Cu2+ and Fe3+ increased. The concentration of two metal ions was gradually increased up
to 20 µM. Clearly, the PL of GQD-B was very sensitively suppressed by Cu2+ (Figure 4.6a),
more sensitively than Fe3+ (Figure 4.6b). For example, the PL of GQD-B was quenched by
3.5 % even with 20 nM Cu2+. As can be seen in Fig 4c and 4d, GQD-UV showed an
opposite behavior compared to GQD-B. The PL of GQD-UV was quenched more
sensitively by Fe3+ than Cu2+. Cu2+ greatly quenched the PL of GQD-B, but had a negligible
effect on GQD-UV. To the best of our knowledge, this is the first report showing that
different colored GQDs have different PL quenching by metal ions.
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Figure 4.6:

PL intensity suppression of blue-emitting GQDs in the presence of different
concentrations of (a) Cu2+ and (b) Fe3+. PL intensity suppression of UVemitting GQDs in the presence of different concentrations of (c) Cu2+ and (d)
Fe3+.
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Figure 4.7a is a plot of F/F0 vs. the varied concentration of Cu2+ obtained with
GQD-B, where F and F0 are the emission intensities in the presence and absence of metal
ions, respectively. It is apparent that the emission of GQD-B is sensitively and linearly
quenched by Cu2+ until the concentration of Cu2+ reaches ~ 4 M. The response of PL
quenching became less sensitive when the Cu2+ concentration is over 4M. As shown in
the inset of Figure 4.7a, F/F0 is inversely proportional to the concentration of Cu2+ (in the
range from 20 nM to 200 nM). The detection limit was determined to be around 20 nM (at
signal-to-noise (S/N) ratio of 5). To the best of our knowledge, this is one of the best
published results for this type of sensors based on GQDs.50, 78-81 Figure 4.7b shows the
superior sensitivity and selectivity of GQD-B for the detection of Cu2+, compared to other
metal ions including Ni2+, Co2+, Hg2+, Fe3+, Cr3+, Mg2+, Zn2+, and Mn2+. GQD-UV was
also examined for the detection of metal ions (Figure 4.8). GQD-UV also showed the
suppression of PL by some metal ions such as Fe3+, Ni2+, and Mg2+. The overall quenching
sensitivity of GQD-UV was, however, noticeably lower than GQD-B. It is also noteworthy
to point out that Cu2+ showed a negligible quenching for GQD-UV. Collision-induced
quenching was unlikely to be the mechanism responsible for the observed PL suppression
since experimental data didn’t fit Stern-Volmer equation (Figure 4.9). We here propose a
static quenching mechanism in which GQDs bind to metal ions to form complex forms
where excitation photon energy of GQDs is quenched by charge transfer to metal ions.
Similar models have also been proposed in literature.50, 82 Based on the static quenching
mechanism, the different quenching behaviors between GQD-B and GQD-UV can be
attributed to either (i) the higher density of surface defects present in GQD-B which can
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attract more metal ions or (ii) the facilitated charge transfer from GQD-B to metal ions due
to their mid-gap states.
Transition metals ions are known to readily form metal complexes with
ligands. Oxygen-containing functional groups in GQDs may serve as ligands to bind with
transition metal ions. This hypothesis is consistent with the fact that the quenching
mechanism of GQDs by heavy metal ions is static rather than collisional.
The selectivity towards heavy metal ions in GQDs sensing can be explained by the
difference in stability of transition metal complexes. In 1953 Irving and Williams found
an empirical order of stability of transition metal complexes: Mn(II) ˂ Fe(II) ˂ Co(II) ˂
Ni(II) ˂ Cu(II) ˃ Zn(II).83 This order holds true for nearly all complexes regardless of the
type of ligands or the number of ligands in coordination.
The theoretical justification of the Irving-Williams order can be achieved from a
crystal field theory point of view. Crystal field theory assumes electrostatic interaction is
the only force that holds the metal ions and ligands together. Therefore, the stability of
the metal ion-ligand bonds is positively correlated to charge-to-radius ratio of the metal
ions. The order of charge to radius ratio of transition metals from Mn(II) to Zn(II) is:
Mn(II) ˂ Fe(II) ˂ Co(II) ˂ Ni(II) ˃ Cu(II) ˃ Zn(II). This sequence matches that of IrvingWilliams order in the exception of Cu(II). The unexpected high stability of Cu(II)
complexes is because Cu(II) forms a distorted octahedral complex with two bonds
longer or shorter than the other two, which stabilizes the structure. This is known as JahnTeller effect.
The order of sensitivity of GQD-B transition metal sensing is: Mg(II) ˂ Hg(II) ˂
Cr(III) ˂ Mn(II) ˂ Co(II) ˂ Fe(III) ˂ Ni(II) ˂ Cu(II) ˃ Zn(II). The metals that appear in
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both orders, Mn(II), Co(II), Ni(II), Cu(II), and Zn(II), share the same sequence. The
consistency between the two orders highly suggest transition metals bind with ligands on
GQDs.
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Figure 4.7:

(a) Cu2+ concentration-dependent PL intensity of blue-emitting GQDs. (b)
Selectivity of blue-emitting GQDs for the detection of metal ions. The
concentrations of metal cations were 2.5 µM.

Figure 4.8:

Selectivity of UV-emitting carbon nano particles for Cu2+. All metal cations
were tested in 50 µM.
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Figure 4.9:

The plot of F0/F vs. Cu2+ concentration. F0 is the photoluminescence intensity
of GQD-B in the absence of Cu2+ and F is the photoluminescence intensity
of GQD-B in the presence of Cu2+. The non-linear relationship of F0/F vs.
Cu2+ concentration suggests that collision-induced quenching is not a main
mechanism for the photoluminescence suppression of GQDs.
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CONCLUSIONS AND SUMMARY
In conclusion, we have successfully synthesized UV and blue-emitting GQDs from
carbon nano-onion precursor. Two GQDs were distinctive in structure and chemical
composition. Blue-emitting GQD exhibited uniform emission properties and showed ultrasensitivity toward detection of Cu2+ ions. Our results imply that the control of binding sites
as well as energetics of GQDs can be the key to developing GQD-based platforms for the
sensitive detection of metal ions and biomolecules.
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Chapter 5: Single Particle Photoluminescence Intensity Fluctuations of
Graphene Quantum Dots
INTRODUCTION
Graphene quantum dots (GQDs) have gained tremendous research interests as a
photoluminescent carbon material due to their cost effective synthesis and biocompatibility.
They showed great promises in various applications including bio-imaging and
photoinduced therapy
photocatalysis

58, 92-94

28, 84-88

, optical metal ion and biomolecular sensing37,

, and photovoltaic devices

22, 95-97

89-91

,

. Despite the promise of GQD for

various applications, there are substantial limitations and challenges which needs to be
overcome to advance the real-world application. The limitations of GQDs include a low
emission quantum yield, uncontrollable size and morphology, and limited range of
photoluminescence wavelength. To overcome those challenges and to tailor the properties
of GQDs to fit our needs, the full understanding of emission mechanism of GQDs is
prerequisite.
During the recent few years, many research groups were dedicated to explain the
emission mechanism of GQDs and to identify the origin of emissions form GQDs. As a
result, several models have been proposed. Popular models include quantum confinement
effect25,

58, 98-100

, surface traps19,

101-103

, giant red-edge effect61, and edge states104.

Unfortunately, no single theory can successfully explain all the behaviors which GQDs
have shown. The major reason of this failure is that the morphology and surface functional
groups of GQDs are not precisely controllable and characterizable. Usually GQDs are
synthesized via different synthetic methods in research groups, which lead to dissimilar
chemical structure of GQDs with a variation in size and chemical composition.
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Furthermore, most optical studies with GQDs were carried out at the ensemble levels,
meaning that optical spectra of GQDs were taken as a collective spectrum of all emitting
GQD particles. This is clearly a disadvantage because the synthesized GQD particles
possess a significant variation in terms of size and surface functional group. The ensemble
study cannot resolve the inhomogeneity of GQDs and cannot reveal the true behaviors of
a single GQD particle.
In this chapter, we utilized single particle microscopy to record the
photoluminescence of GQDs with a single-particle resolution. We also investigated the
photoluminescence intensity fluctuation behaviors which recorded over a time. The
information we acquired at single particle level revealed very interesting behaviors of
GQDs that are not observable by an ensemble photoluminescence technique.

EXPERIMENTAL SECTION
Materials:
Poly (vinyl alcohol), (PVA, Avg. Mol. Wt. 95000) and sodium hydroxide, both
were obtained from Thermo Fisher Scientific NJ, USA. Cover-slips used for microscopy
were purchased from Gold Seal Products (Portsmouth, NH, USA). Absolute 200 proof
ethanol used for cleaning the glass cover slips was from AAPER Alcohol and Chemical
Co. (Shelbyville, KY, USA). PBS buffer was purchased from Amresco Inc., OH, USA and
used after dilution. All buffers were filtered by using cellulose acetate filters (0.2 µm) from
VWR Intl. (IL, USA).

Preparation of GQDs
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GQDs were prepared in similar ways described in earlier chapter.

Immobilization of GQDs on Glass
GQDs, both oxidized and reduced, were immobilized on cleaned glass coverslip by
doping a ~ nano-molar concentration of the nanodots in poly vinyl alcohol (PVA) and spin
coating on the coverslip. PVA solution (1 gram/ml) was prepared in PBS buffer at pH 7.5.
Microscope cover-slips were cleaned by immersing in NaOH (5.0 M) for about 30 min.
Before use cover-slips were washed thoroughly in ultrapure water, rinsed in ethanol and
dried with filtered nitrogen gas.

Wide-field photoluminescence Microscopy
Single-molecule microscopy: Laser beams (561 nm, 640 nm or 488 nm ) were
directed into a 1.49 NA Olympus ApoN oil-immersion (Type F, ne 1.518) 60X objective
(Olympus America, Center Valley, PA, USA) mounted on an Olympus IX 81- inverted
microscope (Olympus America). The intensity of the 561 nm laser was adjusted to ~78 W
cm². photoluminescence emission was collected through the microscope objective and
separated from the incident laser by using Green Filter set: laser cleaner: FF01-561-14,
dichroic : Dio1-R488/561-25×36 emission: FF01-609/54-25 (Semrock, Rochester, NY,
USA) or Red Filter set: Laser line cleaner: FF01-640-14, dichroic: Di02-R635-25x36,
emission: FF697/54 or Blue filter set: 51022 - EGFP/mRFP-1 from Chroma Inc . Data were
typically collected for ~3 min at 100 ms exposure time by using a cooled (-80ºC) ANDOR
iXon3 CCD camera (Andor Technology, South Windsor, CT USA) and Metamorph
(Molecular Devices, LLC., Sunnyvale, CA, USA) software. All data were recorded at room
temperature (25ºC). The shapes of the photoluminescence spots are irregular because of
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photoluminescence intensity fluctuations of the individual molecules and the number of
molecules differs from frame to frame because of dark states. To overcome this, we
recorded 5 frames and then averaged the intensities and subtracted the background. Singlemolecule events from wide field images were extracted from the stream acquisition of 2000
frames at 100 ms exposure time. This was done by integrating the intensity of 3×3 pixel
area around isolated emitting spots using Metamorph or ImageJ (NIH, USA) and then
subtracting the background.

Confocal Imaging
All confocal imaging was performed by using 0.3-1.0 kW/cm² laser excitation
using the same 60× oil immersion objective as described earlier and Dichroic:
R405/488/561/635-25×36, emission FF446-523/600/677-25, the emission beam was
further filtered using an appropriate s4 single band pass filter through side-port of the
microscope and delivering it to an Avalanche photodiode τ-SPAD single photon counting
module (PiCoQuant GmBh. Berlin, Germany) through an optical fiber (Thorlabs Inc.,
Newton, NJ, USA). All the confocal data were collected and analyzed using the
SymPhoTime 64 software (PiCoQuant GmBh).

RESULTS AND DISCUSSION
Although research groups adopt different synthetic methods of GQDs and these
photoluminescent dots have shown great varieties in optical behaviors, some common
features of GQD photoluminescence have been observed. One of the unique phenomena
observed is that GQDs show excitation wavelength-dependent emission, in other words,
the emission wavelength shifts along with excitation wavelength. This appears to be an
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obvious violation of Kasha’s rule, which states that a chromophore’s emission should not
be dependent on excitation wavelength, because regardless of which electronic states the
chromophore is excited to, the molecule always relaxes to the lowest excited state through
internal conversion with no photon emitted, and then relaxes to the ground states through
photon emission.105 A generally accepted theory in explaining this exception from Kasha’s
rule is that GQDs vary in sizes and surface functionalities, therefore in the ensemble
photoluminescence spectra of GQDs, excitations of different wavelength are actually
exciting different GQD particles. As is shown in ensemble photoluminescence spectra of
oxidized and reduced GQDs in Figure 5.1, both GQDs spectra show excitation wavelengthdependence emission. In other words, the emission spectrum shift to longer wavelength
with longer wavelength excitation. To find out if the excitation dependent emission is still
preserved at single particle level, we performed wide-field photoluminescence microscopy
of oxidized and reduced GQDs using excitation light source of 561 and 640 nm. Figure 5.2
A and B show photoluminescence microscopy images of ox-GQDs excited with 561 and
640 nm excitation respectively. In Figure 5.2 C, we overlaid the two microscopy images.
The overlay shows no overlapping in GQD photoluminescence, suggesting that emission
excited by 561 nm and 640 nm are coming from different GQD particles. This is a strong
evidence that the excitation wavelength-dependent emission shown in ensemble
measurements is a result of inhomogeneity of GQD particles. Figure 5.2 D, E, and F show
reduced GQD particles excited by 561, 640 nm, and the overlay of the two. Again, no
overlapped particles in different excitations, further proving our point. It is noteworthy that
reduced GQDs show much less emission particles excited by 640 nm excitation than
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particles excited by 561 nm excitation, which is consistent with the blue shifted emission
of reduced GQDs shown in the ensemble spectra, Figure 5.1 B.
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Figure 5.1:

Steady state photoluminescence of GQDs in aqueous solution. (A) oxidized
GQDs and (B) reduced GQDs. The wavelength in the upper right hand corner
corresponds to the excitation wavelength and matches the same colored
spectra.
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Figure 5.2:

A comparison of single particle emission from reduced and oxidized CNDs
isolated in a polymer film. (A) photoluminescence image of oxidized CNDs
with widefield excitation (561 nm). (B) The same field of view with 640 nm
excitation. (C) Merged image of both 561 and 640 nm excitation showing the
photoluminescence

originates

from

separate

particles.

(D)

photoluminescence image of 561 nm excitation of reduced particles. (E) The
same field of view of the reduced particles in (D) with 640 nm excitation. (F)
Merged image of both 561 and 640 nm excitation of the reduced particles
showing the different color photoluminescence originates from different
particles.
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Ox-GQDs particles excited by 488 nm excitation show fewer number of emitting
particles compared to particles excited by 561 nm, as shown in Figure 5.3 A. Combining
this with the fact that the ensemble emission spectrum shows higher intensity excited by
480 nm excitation than 570 excitation, it can be suggested that particles excited in 480 nm
region are brighter than the 570 nm excitation region. The higher brightness could be
attributed to either higher quantum yield or higher extinction cross section of GQDs which
leads to stronger absorbance. In addition, overlay of ox-GQD photoluminescence excited
by 488 and 561 nm does not show any overlapping, as is shown in Figure 5.3 C. In
summary, 488 nm, 561 nm, and 640 nm excitation each leads to photoluminescence
emitting from completely different particles.
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Figure 5.3:

A comparison of the single particle emission from reduced and oxidized
CNDs isolated in a polymer film. (A) photoluminescence image of oxidized
CNDs with widefield excitation (488 nm). (B) The same field of view with
561 nm excitation. (C) Merged image of both 488 nm and 561 nm excitation
showing the photoluminescence originates from separate particles. (D)
photoluminescence image of 488 nm excitation of reduced particles. (E) The
same field of view of the reduced particles in (D) with 561 nm excitation. (F)
Merged image of both 488 nm and 561 nm excitations of the reduced particles
showing the different color photoluminescence originates from different
particles.
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We also recorded photoluminescence intensity versus time traces of individual
oxidized and reduced GQD particles during wide field illumination with 561 nm laser
excitation. The GQDs particles show two types of distinctive behaviors, as shown in Figure
5.4. Figure 5.4A shows a GQD particle exhibiting a constant photoluminescence intensity
until it is fully photobleached at around 25 s. On the other hand, Figure 5.4C shows a
completely different behavior that the photoluminescence intensity experiences a multilevel “ups and downs” before the chromophore is fully bleached. The fluctuation in
photoluminescence intensity was previously reported in multichromophore conjugated
systems and was attributed to temporary defects generated in the excited states of
chromophores.106-108 The defects quenched chromophores and thus reduced the overall
photoluminescence quantum yield. When the defects were removed, quantum yields of the
chromophores returned to previous level. Thus, the photoluminescence intensity swung
between “dark” and “bright” states until the chromophores were permanently bleached. In
addition, all chromophores were not quenched simultaneously, so that the dark states had
multilevel intensities. In the case of GQDs, 70% of the oxidized GQD particles show a
typical single step photobleaching behavior with constant photoluminescence intensity
before the chromophore is bleached, as shown in Figure 5.5 A. The other 30% of the
oxidized GQDs showed multi-step quenching. This suggests that majority of oxidized
GQD particles are single chromophore systems. The reduced GQDs, however, show
opposite trend that majority of the particles (60%) show fluctuation in photoluminescence
intensity and only 40% of the particles emit at a constant intensity, which suggests that 43%
(

%

%
%

) of the single chromophore GQDs particles are converted to multichromophore

systems after chemical reduction. This implies that new domains of sp2 conjugation are
87

formed in the reduction process, which is likely due to the removal of oxygen
functionalities.
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Figure 5.4:

Time trace from a molecule showing singe step photobleaching and a single
photoluminescence intensity level. B. the corresponding intensity distribution
histogram showing 2 clear distributions with one corresponding to the
background level and one to the single photoluminescence intensity level. C.
Three time traces all showing multiple photoluminescence levels showing a
variety of behaviors. D. The corresponding histograms all showing multiple
photoluminescence levels for the 3 time traces in C.
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Figure 5.5:

Single molecule intensity versus time trajectories (50 ms bins) with 561 nm
excitation (0.3 kW/cm2) of carbon nanodots. (A) Representative oxidized
particle showing one emission intensity level and single step bleaching to the
background level. (B) Single particle emission exhibiting multiple
photoluminescence intensity levels before permanently bleaching. Seventy
percent of the oxidized molecules exhibited the behavior shown in (A) and
the remaining exhibited the behavior in (B). (C) Representative reduced
particle showing one emission intensity level and single step bleaching to the
background level. (D) Single particle emission exhibiting multiple
photoluminescence intensity levels before permanently bleaching. In contrast
to the oxidized particles, only 40% of the reduced particles exhibited single
level photoluminescence (C) and 60% exhibited multilevel emission (D).
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We also measured photostability of GQDs with 561 nm excitation under continuous
high intensity (0.3 kW/cm2) confocal excitation (561nm) and the histograms of recorded
bleaching time of individual molecules are shown in Figure 5.6. Single exponential fittings
of the histograms show photobleaching times of oxidized and reduced GQDs to be 3.6 and
7.5 s, respectively. The longer survival times of reduced GQDs suggests higher
photostability, likely due to inhibition of photobleaching pathways after chemical
reduction. The longer lifetime of reduced GQDs leads to higher quantum yield, which is
always observed in GQDs after chemical reduction.109
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Figure 5.6:

Photostability measurements of CNDs with 561 nm excitation under
continuous higher intensity (0.3 kW/cm2) confocal excitation (561nm).
Histogram of recorded bleaching time of individual molecules for (A)
oxidized and (B) reduced particles show 3.6 and 7.5 s respectively as obtained
by single exponential fittings.
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CONCLUSIONS AND SUMMARY
We investigated the photoluminescence of GQDs at single particle resolution. In
our study, we confirmed with single particle microscopy that the excitation wavelengthdependent emission from GQDs are originated in inhomogeneity in GQD particles, namely,
different sp2 conjugation length. Reduced GQD particles show more multichromophore
behavior than oxidized GQDs, suggesting newly formed sp2 conjugation domains after
chemical reduction.
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Chapter 6: Summary
This dissertation investigated the photoluminescence mechanism of graphene
quantum dots (GQDs) with various approaches. Single molecule microscopic technique
was employed to reveal that the excitation wavelength-dependent emission of GQDs is due
to the inhomogeneity of sp2 domain sizes of GQD particles. Single molecule
photoluminescence intensity fluctuation spectra show that 70% of the as prepared GQDs
exhibit single chromophore characteristics, while the other 30% particles exhibit
multichromophore characteristics. After chemical reduction, the population of GQD
particles exhibiting single chromophore characteristics drops to 40%. This implies that 43%
of the single chromophore particles in the as prepared GQDs are converted to
multichromophores after chemical reduction. This is a strong evidence that chemical
reduction by NaBH4 creates new sp2-hybrid carbon domains, probably by restoring
conjugation

by

the

removal

of

oxygen-related

functionalities.

Steady

state

photoluminescence measurements show that there is a substantial near-IR emission in
reduced GQDs, although it is weak, which is not observed in oxidized GQDs. Since longer
wavelength emission corresponds to a longer conjugation length, this suggests that
chemical reduction bridges some of the sp2-hybrid carbon domains that were isolated from
each other due to oxygen functionalities.
Chemical functional groups play a critical role in the emission of GQDs. In the
shorter emission wavelength region (450 to 520 nm) of GQDs, the position of emission
maximum is fixed regardless of excitation wavelength, which is distinct from the shift of
emission wavelength in the longer wavelength region. The excitation-independent
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emission implies an origin different from sp2-carbon domains. After chemical reduction,
photoluminescence wavelength in this region shifts from 520 to 470 nm. Because chemical
reduction is known to covert surface functional groups, photoluminescence in this region
is therefore likely induced by functional groups. Using FT-IR spectroscopy, we found that
C = O double bonds is converted to C-O single bonds after chemical reduction, which
likely causes the shift in emission. Unfortunately, due to the limitation of FT-IR technique,
we cannot further interpret this transformation.
It is unclear whether chemical functional groups act alone as independent
chromophores, or interact with nearby sp2 carbon domains through Förster resonance
energy transfer (FRET). The steady state photoluminescence spectroscopy shows that 270
nm excitation induces 500 nm emission in as prepared GQDs. This is an enormous stokesshift, nearly 2.1 eV, which cannot be explained only by vibrational relaxation or solvent
reorganization. Instead, a more realistic model to explain this is that after a functional group
absorbs 270 nm excitation, it transferred the energy to a nearby sp2 domain, and the sp2
domain emits 500 photoluminescence. In this process, the tremendous energy loss between
excitation and emission could be accounted for by two vibrational relaxations and solvent
reorganizations, because there are two excited states involved (excited state of the
functional group and excited state of the sp2 domain). Nevertheless, we lack evidence to
support this model.
Surface functional groups on GQDs are sensitive to environment changes. pH of
solution and heavy metal ions present in the solutions substantially affect the
photoluminescence of GQDs. In this dissertation, we reported a rarely observed red
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emission (625 nm) of oxidized GQDs at highly alkaline condition (pH above 13). We also
found copper ions to be an effective quencher for the blue emission of mildly oxidized
GQDs, which make GQDs suitable as a sensitive optical sensor for copper ions. We believe
more application possibilities of GQDs will be discovered with further research.
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